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Abstract
Deposition of TixOy clusters onto the rutile TiO2 (110) surface has been mod-
elled using empirical potential based molecular dynamics. Deposition energies in
the range 10-40 eV have been considered so as to model typical deposition energies
of magnetron sputtering. Defects formed as a function of both the deposition energy
and deposition species have been studied.
The results show that in the majority of cases Ti interstitial atoms are formed,
irrespective of whether Ti was contained within the deposited cluster. Furthermore
that the majority of these interstitials are formed by displacing a surface Ti atom
into the intersitial site. O surface atoms are also relatively common, with Ti and
TiO2 surface units often occurring when the deposited cluster contains Ti but be-
coming less frequent as the deposition energy is increased. Structures that would
give rise to the growth of further layers of rutile are not observed and in the majority
of the simulations the energy barriers for diffusion of the end-products is high.
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1 Introduction
Titania in the rutile structure is an important material with many uses includ-
ing acting as a pigment in paint and as a major component of sunscreen [1].
The focus of this work is its use in optical thin films where its high refractive
index and its adsorption of UV radiation are both important properties [2].
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These films are typically grown by deposition techniques, with the films we
are aiming to model being grown by reactive magnetron sputtering [3].
There are numerous experimental studies of the growth of rutile [4–6] including
work on real-time atomic resolution STM of the growth process. These have
been able to indicate the likely barrier heights that control the growth of the
rutile surface but have not been able to indicate the growth mechanism. It
has, however, been shown that if O atoms are deposited onto a Ti rich rutile
surface then surface growth occurs. It has been proposed that this is due to
Ti interstitials coming out of the bulk and forming new layers of TiO2 with
surface O atoms.
In this study we have investigated the deposition of units of TixOy at energies
typical of those in reactive magnetron sputtering. These simulations have been
employed to study the typical defects formed during the deposition process
involved in the growth of TiO2. This has been investigated as a function of both
the deposition energy and the deposition species. These simulations provide
insight into possible reaction pathways that require further investigation.
2 Methodology
The variable charge QEq model [7] of Halil et al. [8] has been used to model the
rutile TiO2. The use of a variable charge model is essential for modelling this
problem due to the lack of stoichiometry in many of the systems of interest.
Charges on the atoms at each step in the MD simulation have been found by
performing a constrained conjugate gradient minimisation of the component of
internal energy relating to the charges on the atoms. The Halil et al. empirical
potential has been modified through the introduction of a repulsive short-
ranged Ti-Ti interaction, as this was found to be essential for the deposition
of Ti containing ad-units. This has been achieved through the use of the
purely repulsive ZBL potential [9] at distances shorter than 2.5 A˚. Integration
of Newton’s equation of motion has been performed using the velocity Verlet
algorithm [10] with a time step of 1 fs.
Ti, O, TiO and TiO2 ad-units have been deposited onto a lattice containing
1800 atoms. Periodic boundary conditions were employed, with the Coulomb
interaction between the atoms calculated using Ewald summations. The ad-
units were started a distance of 5 A˚ above the surface, with the lateral position
chosen randomly from an area covering one surface unit cell. Depositions were
carried out with an initial kinetic energy of 10, 20, 30 or 40 eV being given
to the ad-units. For each particular energy and ad-unit 50 depositions were
carried out each on to the pristine (110) surface so as to accumulate sufficient
statistics. The bottom two layers of the slab were fixed so as to prevent drift of
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the whole slab. The TiO2 slab was initially at 0 K and in order to remove the
energy due to the deposited ad-unit a Berendsen thermostat [11] was attached
to the bottom two layers above the fixed zone.
There are a number of defects that can be formed at or near the rutile (110)
surface and these have been used to assess the damage caused by the deposited
ad-units. Fig 1 shows a schematic of the unreconstructed rutile (110) surface,
there are a number of important features on the surface. The surface has two-
fold coordinated O atoms, which make up the O rows, in line and beneath
these are the six-fold coordinated Ti atoms. Midway between O rows are the
five-fold coordinated Ti atoms, which are bonded to the surface three-fold
coordinated O atoms.
We have labelled vacancies caused by knocking a Ti atom from the five-fold
coordinated site a type-1 Ti vacancy, whilst those caused by knocking a Ti
atom from the six-fold coordinated site are labelled a type-2 Ti vacancy. Due
to the presence of the surface two distinct Ti interstitial sites exist in the layer
below the surface. We have labelled the Ti interstitial that sits below the three-
fold coordinated O atom as a type-1 Ti interstitial, whilst the one that sits
between two three-fold coordinated O atoms is labelled as a type-2 interstitial.
Using the Halil et al. potential gives an energy difference of 0.1 eV between the
two interstitials with the type-1 site being favoured. Three O vacancy sites are
regularly observed in the simulations. An O vacancy in the ad-row is labelled
as a type-1 vacancy, an O vacancy from the three-fold coordinated surface O
atoms as a type-2 vacancy and finally when a deposited O atom is observed to
be ejected from the surface we label this as a type-3 vacancy. TiO ad-units are
seen to bond so that the Ti atom sits in the upper hollow site, bonded to two
two-fold coordinated O atoms and one three-fold coordinated O atom, with
the O atom above one of the five-fold coordinated Ti atoms. Finally the TiO2
is seen to bond in two sites, both have the Ti atom sitting in the upper hollow
site. In site 1 both O atoms sit above five-fold coordinated Ti atoms, whilst in
site 2 one O atom sits above a five-fold coordinated Ti atom while the other
aligns so that the Ti-O bond points almost orthogonally to the surface.
The statistics collected to indicate damage to the surface sample the types of
defects created rather than the number. Thus if two type 1 Ti interstitials were
formed then this would simply count as the formation of a type 1 interstitial.
In order to record the level of damage caused by a deposition event the concept
of a damage number has been introduced. This records the average number
of defects created for the deposition of a particular ad-unit as a particular
energy. Statistics on the defects created are presented as a percentage of the
simulations in which those defects are observed.
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3 Results
The statistics regarding defects created and the damage imparted to the rutile
TiO2 (110) surface during the deposition of Ti atoms at 10, 20, 30 and 40 eV
are given in table 1. There are a number of interesting points to note in
the table. Firstly the primary damage is the formation of Ti interstitials and
furthermore there appears to be a switch between the formation of type-1
and type-2 interstitials that occurs between 10 and 20 eV. The number of Ti
vacancies are much lower than the number of interstitials, this is due to the
fact that most interstitials are formed by a replacement mechanism. Where
by the incident Ti atom displaces a five- or six-fold coordinated Ti atom into
an interstitial site and the incident atom then replaces the surface Ti atom.
Table 2 contains the results from depositing a TiO unit onto the rutile TiO2
(110) surface at energies of 10, 20, 30 and 40 eV. The main feature of these
results are that highly stable TiO2 surface units are formed in a small per-
centage of cases, via the displacement of a two-fold coordinated O atom. A
large number of Ti interstitials are seen to form at all energies with an inver-
sion between type-1 and type-2 defects occurring between 30 and 40 eV. The
greater propensity for TiO to form type-1 Ti interstitials is due to the direct
formation of these interstitials, in these cases the TiO unit is attracted to the
upper hollow site but on impact with the surface the Ti atom moves directly
into the interstitial site.
Results from the deposition of TiO2 onto the rutile TiO2 (110) surface are
given in table 3. It can be seen that at 10 eV the vast majority of the TiO2 units
deposited finish as absorbed TiO2 units. As the deposition energy is increased
the TiO2 units are seen to dissociate, initially forming Ti interstitials and
surface O atoms and as the energy increases further TiO surface units become
more prevalent. At the 30 and 40 eV deposition energies O atoms are seen to
be sputtered from the surface (O type-3 vacancies).
The results for the deposition of O onto the (110) rutile TiO2 can be seen
in table 4. It can be seen that the primary defect created is an O atom on
the surface. Above 10 eV a number of Ti interstitials are also created which
form through the creation of Ti vacancies in the surface layer, the number of
these rise as the deposition energy is increased. The only other form of defect
observed are O vacancies in the surface.
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4 Conclusions
Simulations of the deposition of small TixOy clusters onto the (110) rutile TiO2
surface at 10, 20, 30 and 40 eV have been simulated. In order to facilitate this
it was necessary to introduce a short ranged Ti-Ti repulsive potential to the
potential of Halil et al. [8].
The main defects created were Ti interstitials, which were formed irrespec-
tive of the species deposited. In the majority of cases these were formed by
displacing a surface Ti atom into an interstitial site. O surface atoms were
common in many of the simulations, being observed less frequently only when
Ti atoms were deposited. Both TiO and TiO2 surface units were observed
when a unit containing Ti was deposited, these often became less frequent as
the deposition energy was increased and thus the clusters tended to break up.
Mechanisms to allow TiO2 to grow in the rutile phase were not observed from
the deposition events. Furthermore the majority of the structures formed had
large energy barriers for diffusion. Thus it is not clear from the deposition
events alone how further layers of rutile would grow. Further work on the
TiO2 potential is necessary to allow the formation of O2 molecules so that
these can be deposited onto the surface, as these are known to be present in
the deposition experiments.
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Fig. 1. Structure of the unreconstructed (110) surface of rutile TiO2, O atoms are
represented by red spheres and Ti atoms by grey spheres.
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Ti 10 eV 20 eV 30 eV 40 eV
Surface
O 5 9 6 50
TiO 16 9 11 0
Interstitials
Ti #1 68 40 39 58
Ti #2 26 73 83 83
Vacancies
Ti #1 21 59 78 50
Ti #2 5 0 22 8
O #1 11 14 17 33
O #2 11 5 0 17
O #3 0 0 11 8
Damage 0.68 1.5 2.2 2.5
Table 1
Average number of defects formed and damage imparted to the the rutile TiO2
(110) surface due to the deposition of a Ti atom at 10, 20, 30 and 40 eV.
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TiO 10 eV 20 eV 30 eV 40 eV
Surface
O 47 58 85 60
TiO 38 21 8 27
TiO2 #1 10 0 0 0
TiO2 #2 5 5 0 4
Interstitials
Ti #1 33 58 69 60
Ti #2 29 36 38 73
Vacancies
Ti #1 10 26 15 40
Ti #2 14 16 23 60
O #1 14 58 15 33
O #2 0 0 0 17
O #3 0 21 23 33
Damage 0.66 1.05 1 3.2
Table 2
Average number of defects formed and damage imparted to the the rutile TiO2
(110) surface due to the deposition of a TiO unit at 10, 20, 30 and 40 eV.
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TiO2 10 eV 20 eV 30 eV 40 eV
Surface
O 21 64 76 60
TiO 3 12 12 22
TiO2 #1 56 26 16 6
TiO2 #2 24 3 0 11
Interstitials
O 0 0 4 6
Ti #1 3 29 32 33
Ti #2 27 41 52 61
Vacancies
Ti #1 15 26 16 39
Ti #2 0 6 4 6
O #1 0 6 0 6
O #3 0 8 24 39
Damage 0.29 0.76 0.96 1.15
Table 3
Average number of defects formed and damage imparted to the the rutile TiO2
(110) surface due to the deposition of a TiO2 unit at 10, 20, 30 and 40 eV.
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O 10 eV 20 eV 30 eV 40 eV
Surface
O 91 86 89 88
Interstitials
Ti #1 0 5 22 13
Ti #2 0 23 11 50
Vacancies
Ti #1 0 23 22 63
Ti #2 0 5 0 0
O #1 9 14 22 25
O #2 0 0 0 13
O #3 9 23 33 25
Damage 0.18 0.9 1.1 2.5
Table 4
Average number of defects formed and damage imparted to the the rutile TiO2
(110) surface due to the deposition of a O atom at 10, 20, 30 and 40 eV.
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